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INTRODUCTION
The University of Idaho has been involved with the SAE Clean Snowmobile Challenge since 2000. For the past three years the team has been developing a battery-less two-stroke gasoline direct-injection (GDI) engine that promises to be a lightweight, fuel efficient, and clean snowmobile engine [1] . Along with the GDI development the team recently began developing a turbocharged version to further increase the power density of the engine.
The fundamental purpose of turbocharging an engine is to increase available engine power while reducing specific fuel consumption. Turbocharging is typically employed to increase the density of the air delivered to the engine, allowing more fuel to be combusted to produce more shaft power. Turbocharging is most often used on four-stroke diesel and high performance applications with four-stroke gasoline engines. There are almost no applications of original equipment manufacturers (OEM) producing turbocharged two-stroke gasoline engines. [2] .
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Turbochargers use a turbine to extract energy from the exhaust gas to drive a compressor to raise the inlet air pressure. The pressure rise of the intake air increases the density of air delivered to the engine. A typical turbocharger is shown in Fig. 1 Turbines are steady flow devices designed to operate at specific conditions. Turbines with fixed geometries cannot efficiently support an engine over a wide range of operating conditions [3] .
Comparing turbines of different sizes highlights this problem. A large turbine can drive a compressor to supply high pressures to the intake manifold during high speed operation, providing good fuel economy. However, at low engine speeds the mass flow through the engine will not provide sufficient energy to the turbine, resulting in low boost pressures and poor throttle response. With a small turbine the inlet pressure can be boosted quickly providing good low-end torque and transient response. Again, there is a drawback, at high engine speeds there will be too much energy in the exhaust, resulting in too high intake pressures or turbine overspeeding. To alleviate these problems a waste-gate can be used to bypass some of the exhaust gases past the turbine or a blow-off valve can be used in the intake side to release intake pressure if it is too high. Either method wastes useable energy, possibly reducing specific fuel economy and thermal efficiency [3] .
One proposed solution is to use a variable geometry turbocharger that allows the turbine nozzle area to be varied with engine speed and load. Variable nozzle turbines (VNT) offer many benefits, including improved fuel economy and throttle response [3] . The nozzle area of the turbine can be controlled by a single vane or by multiple vanes [4] . A schematic of a multiple vane VNT is shown in Fig. 2 . The vanes close when the exhaust flow is low in order to provide a small nozzle area. As exhaust gasses speed up, the vanes progressively open to create a larger Turbocharging a Crank-Case Scavenged and Direct-Injected Two-Stroke Engine page 2 for Snowmobile Applications nozzle area. The movable vanes allow the turbocharger to provide the best characteristics of both small and large turbines; better throttle response and low-end performance coupled with high power output and improved fuel economy [4] . A downfall of the multi-vane turbine is the added complexity that leads to higher manufacturing costs and an increased risk of component failure [4] . Figure 2 : Schematic of a multiple vane VNT turbine [4] .
The compressor side of a turbocharger consists of an inlet casing, compressor wheel, a diffuser with vanes (or vane-less), and a discharge volute or scroll. The shaft work created by the turbine is used to turn the compressor wheel at high speeds, 120,000 rpm or greater. As the intake air enters the compressor housing axially through the inlet casing it is accelerated by the compressor being driven by the turbine. The air then travels through the diffuser where it is slowed down and the kinetic energy of the air is converted to a static pressure rise. Finally, the compressed air flows through the volute to a pipe connected to inlet of the engine. Unfortunately, the compression process causes an increase in temperature of the air. The amount of temperature increase depends on the efficiency of the compressor at the operating conditions. The addition of an intercooler can be used to reduce the temperature of the inlet air.
Today, there are two popular methods used for turbocharging, pulse turbocharging and constantpressure turbocharging [6] . Four-stroke engines most often employ pulse turbocharging. It uses a compact exhaust manifold with short runners with a small cross-sectional area to reduce losses of the kinetic energy as the exhaust gasses travel to the turbine inlet. This type of turbocharging allows for a large fraction of the available exhaust energy to be delivered to the turbine. A negative effect of pulse turbocharging is that the turbine is subjected to inlet mass flow, pressure, and temperature pulsations. Although a significant amount of energy is available to do work, the pulse system can have a detrimental effect on the engine's gas exchange process and turbine efficiency. The small volume and short runner exhaust system gives rise to pressure wave propagation and reflection similar to the effect of a tuned exhaust in a two-stroke engine. In a four-stroke engine, this can be acceptable because the pulsations of the combustion events can be, for the most part, separated from the other cylinders' scavenging events [6] . Another problem arises from attempting to select a turbocharger for a pulse system. Turbochargers are characterized by steady-flow conditions which are not valid in the highly turbulent pulse turbocharging system. More information can be found from Watson and Janota, who provide an in-depth description of pulse turbocharging [7] .
The second type of turbocharging is termed constant-pressure turbocharging. This type of turbocharging addresses the issue of unsteady turbine performance. A large volume exhaust manifold is used to damp out the mass flow and pressure pulsations resulting from exhaust port opening. This essentially provides a steady flow at the turbine inlet. However, there is less available exhaust gas energy when compared to the pulse-charged system as the exhaust gasses have more residence time in the manifold and lose more energy to the manifold walls. Although this type of system operates more predictably, and more efficiently, the maximum amount of work available in the exhaust is not utilized [6] .
In two-stroke engines where the opening and closing of the ports are controlled by the piston, the exhaust ports close after the intake ports. Therefore, the trapped pressure is determined by the pressure of the exhaust system. Even if a large amount of air with a significant pressure rise is supplied to the engine, the trapped pressure will not increase without a similar rise in backpressure. The degree of supercharging is therefore limited by exhaust back-pressure. Fortunately for simple two-stroke engines, the presence of a turbine in the exhaust system increases the backpressure. However, a balance must be maintained. If the back-pressure increases too much, scavenging efficiency and delivery ratio will be reduced, resulting in poor engine performance. If the back-pressure is too low, high scavenging efficiency and delivery ratios may result, but the trapping efficiency will be reduced and performance will suffer. The pressure ratio of the exhaust backpressure to the intake pressure will be referred to as the scavenging pressure ratio (SPR).
Choosing the turbocharger system to be used, pulse or constant-pressure, therefore needs to be done with performance requirements and system complexity in mind.
Watson and Janota have shown that two-stroke engines can successfully be operated with a pulse turbocharger system [7] . However, careful attention needs to be made to the exhaust manifold design to ensure that positive pressure waves do not arrive at the exhaust ports during the course of the scavenging process. Additionally, effective operation is only accomplished over a limited engine speed range [8] . Often, these engines are operated with auxiliary compressors to aid in scavenging at off-design speeds and for start up. Typically, pulse turbocharging is used with large displacement and uni-flow scavenged engines for marine power generation or locomotives [8] . While, pulse turbocharging can provide substantial pressure energy at the turbine during blow-down, pulse reflections that interfere with the scavenging process are expected to occur in engines with broad engine speed ranges.
The research engine utilized a constant-pressure system because the engine was expected to operate with a broad engine speed range. Additionally, a constant-pressure system can retain the beneficial tuning characteristics of the exhaust pipe. When a two-stroke engine is turbocharged with a constant-pressure system, the turbine creates a larger back-pressure in the exhaust manifold and an appropriately higher intake pressure is required [8] . During low loads the turbine may not have enough power to sufficiently increase the intake pressure and an auxiliary compressor may be required. For externally-blown uni-flow scavenged engines, the secondary compressor can be a rotary compressor, simple fan, or a reciprocating pump connected either in series or in parallel. For the simple two-stroke engine, the crankcase pump already in series can be used to aid in scavenging. Additionally, Heywood points out that a constant-pressure system is preferred for simple two-stroke engines that uses an under-piston pump [8] .
As with any type of scavenging pump, the unsteady flow associated with them may cause surge problems in the centrifugal compressor. To alleviate surge in the compressor, it is suggested that a reasonably large receiver be used between the compressor and the scavenging pump to
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maintain an adequate margin between the average mass flow rate and the surge limit [7] . The receiver is typically a plenum and/or an intercooler. Therefore a constant-pressure turbocharger system incorporating an under-piston scavenging pump, intake plenum, and intercooler was used. Fig. 3 is a schematic of a constant-pressure turbocharging system with a crankcase scavenging pump and intercooler. While OEMs have not turbocharged the simple two-stroke engine, it is often done by private parties using aftermarket parts. Typically, turbocharged snowmobiles are used for drag racing or deep-powder mountain riding, often referred to as "boon-docking." Most often they are carbureted engines with displacements ranging from 700 cc to 1000 cc, producing between 135 and 235 kW (180 and 315 hp.) These engines are designed to operate at high engine speeds with no concern for fuel economy or emissions. The result, these engines have extremely high specific power, satisfactory run quality at off-design conditions, high fuel consumption, and poor emissions. The above mentioned negative aspects are why OEMs have not produced turbocharged two-stroke engines. With the advent of successful two-stroke GDI systems, turbochargers can now be utilized to produce clean and fuel efficient two-stroke engines.
Turbocharger Selection
Incorporating a turbocharger into the unsteady flow environment of an internal combustion engine presents significant design challenges. Internal combustion engines are unsteady flow machines that produce strong pulsating flows due to the discrete combustion events.
Turbochargers, conversely, are steady flow devices that operate most efficiently at specific operating design points. Operation of the turbocharger away from the design point reduces efficiency and performance. Matching a turbocharger and an engine to maximize turbocharger Turbocharging a Crank-Case Scavenged and Direct-Injected Two-Stroke Engine page 6 for Snowmobile Applications efficiency while producing the power curve desired requires an understanding of the gas exchange process between the engine and turbocharger.
One of the most significant matching problems is the prediction of on-engine turbine and compressor performance. Currently, most turbochargers are characterized by their off-engine performance assuming quasi-steady operation. The turbocharger performance is represented by maps of the turbine and compressor. Often, turbine maps are not available and turbocharger sizing is accomplished by using compressor maps and trial and error to size the turbine [5] .
However, the nozzle area of a turbine can be used to make an initial selection of the turbine for the turbocharger. The nozzle area of a radial-flow turbine with multiple vanes is determined by the cross-sectional area of a single nozzle opening multiplied by the total number of vanes [5] .
The larger the nozzle area, the slower the relative response of a particular turbocharger will be.
The nozzle area for a single-opening or vane-less turbines is defined in a different manner. They are characterized by the AR number. AR describes the ratio of the turbine inlet area to the distance between the turbine wheel and the center of the turbine inlet area, [5] . Some turbochargers are also described by their "trim." Trim is a relative term used by manufacturers to describe the contour of the compressor or turbine wheel profile.
Turbocharger sizing begins with sizing the compressor using the compressor maps. The maps consist of constant efficiency contours and speed lines plotted against the compressor pressure ratio (PR) and inlet airflow. The pressure ratio across the inlet and outlet of the compressor housing is defined as:
Typically, compressor maps show pressure ratio on the ordinate axis and compressor inlet airflow on the abscissa axis, as shown in Fig. 4 . Compressor inlet airflow is usually represented with units of lb/min or ft 3 
/min (CFM). Predicting the operating conditions of the turbocharged
Turbocharging a Crank-Case Scavenged and Direct-Injected Two-Stroke Engine page 7 for Snowmobile Applications engine-boost pressure and engine airflow-at specific design points aid in choosing a compressor that will offer both the correct pressure rise and flow while operating near peak efficiency. It is obvious that compressors are more efficient, adding less heat to the air, at particular combinations of PR and inlet airflow. Therefore, the goal should be to find a compressor that has maximum efficiency over what would be considered the most valuable portion of the engine's operating range. Using the EPA five-mode testing procedure as a guide-as it was based on infield snowmobile data-two-stroke snowmobile engines typically operate between 5000 and 6000 rpm, with short durations at maximum engine speed, 8000 rpm [9] .
The first step used in selecting a compressor was to determine the desired power increase over the baseline engine. Because the research was aimed to discover the feasibility and potential problems associated with turbocharging a GDI two-stroke engine, conservative goals of 68 kW (90 hp) at 6500 rpm and a peak power output of 120 kW (160 hp) at 8000 rpm were used.
Additional operating points were established to produce a smooth desired power curve from 5000 rpm to 8000 rpm. Fig. 5 shows both the desired turbocharged power curve and the naturally aspirated baseline engine performance. Using the baseline and desired power curves, estimations were made for the required compressor inlet airflow and pressure ratios for the turbocharged engine. To do this, the baseline engine airflow must be known. Because accurate airflow measurements for this engine were not easily measured, air flow was estimated using the displacement and trapping efficiency (TE) of the engine. A measurement for trapping efficiency was also not easily measurable for this two-stroke engine. Therefore, trapping efficiency was estimated based on the torque of the engine. Several simplifying assumptions were used:
1. The baseline engine peak trapping efficiency occurred where the maximum torque was produced and was assumed to be 90 percent for this engine.
2. The trapping efficiency of the other operating points are proportional to the torque output. 
Using the displacement, engine speed, and the estimated trapping efficiencies, the approximate baseline engine intake airflow can be calculated by
Assuming the charging characteristics of the baseline engine are mimicked by the turbocharged engine, the calculated baseline engine airflow should be a useful predictor of the turbocharged engine airflow.
For a given engine, power is directly proportional to the mass of air trapped in the cylinder. The proportional increase in the density of the delivered air, density ratio (DR req ), for the turbocharge engine can be found from the ratio of the desired power to the baseline power by 
Using the above assumptions and calculations along with the baseline power curve, estimations for the baseline engine trapping efficiency and air flow were calculated. Those results were used to calculate the required increase in the density of the delivered air for the turbocharged engine. Table 1 summarizes the results of the calculations for baseline engine airflow and DR req for the turbocharged engine. The necessary increase in mass of air to be delivered to the turbocharged engine, along with the baseline engine airflow, is used to predict compressor performance. The next step was to provide best guesses for the required boost that will provide an actual density ratio (DR del ) delivered by the compressor-corrected for compressor efficiency-that would provide the desired power output. Using the initial guess for the boost the PR was known from equation 1. Assuming an ideal gas and 100 percent compressor efficiency, the temperature of the compressed air will increase according to [4] :
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The actual compressor outlet temperature will be subject to the compressor efficiency (η c ) at the specific operating conditions. During the first iteration of the calculations for each design point, the compressor efficiency was also being estimated. Typically compressors have efficiencies of 65-75 percent when they are sized properly. After choosing the compressor efficiency, the increase in temperature and resulting outlet temperature of the compressor was calculated from: The temperature compensated density ratio gives an estimated power output based on what the compressor is actually capable of supplying at the design conditions:
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If the estimated power was too low a higher guess was made for the boost. Iterations of changing the boost pressure were used until the estimated power matched the desired power output at each design point. Using the DR del that provided good approximations to the desired power at the design points, the compressor inlet air flow was calculated using:
The calculated pressure ratio and inlet flow were plotted on the compressor maps to determine the compressor efficiency at those operating conditions. The efficiency was placed back into equation 7 to determine a more accurate compressor flow. Again, iterations were used for compressor efficiencies until the calculated power converged to the desired power with accurate compressor efficiency.
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The compressor sizing process was repeated for three different turbocharger compressor housings: a Garrett GT 15 60 trim with a 0.48 AR, an Aerocharger 53 series VNT with a 143 housing, and an Aerocharger 53 series VNT with a 128 housing. All of the calculations used ambient conditions of 95.8 kPa and 10° C, representative of the University of Idaho engine testing facilities during the winter. The predicted operating conditions were plotted on each of the compressor maps.
All three of the turbochargers would have offered good performance characteristics at the predicted design conditions. However, the Aerocharger with the 143 housing appeared to be better suited for an engine with more airflow, which is shown by the left-of-center offset of the predicted performance curve on compressor map, Fig.6 . The GT-15 and the Aerocharger 128 both had compressor performance that would satisfy the predicted boost and airflow requirements while retaining compressor efficiencies between 65 and 75 percent, Fig. 7 and 8 . turbocharger performance and reduces turbo-lag. Additionally, as discussed earlier, maintaining a proper scavenging pressure ratio (SPR) is extremely important for scavenging and trapping characteristics in two-stroke engines and the variable turbine nozzle would provide additional control of the scavenging pressure ratio. Also, the Aerocharger did not require external cooling or oiling loops, which significantly reduced over-all system complexity. Finally, the Aerocharger has worked well as an aftermarket add-on with many snowmobile engines. They are the most successful and the most often used aftermarket turbochargers for snowmobile applications. The predicted compressor and engine performance for the Aerocharger is in Table 2 . The turbine housing of the Aerocharger turbochargers have multiple movable vanes similar to the ones described earlier in Fig. 2 , which are actuated by a steel rod that passes through the turbine housing, shown in Fig. 9 . The movement of the actuator rod was controlled by a pressure operated bellows with one side open to the atmosphere and the other side connected to the intake pressure at a convenient location. As boost pressure rose, the pressure differential across the bellow would move the actuator rod to open the vanes. The initial vane position could be varied by adjusting a screw located on the vane-actuator housing, allowing precise control of when the turbocharger began to produce boost.
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The turbocharger installation was straightforward because there was no need to develop external oiling or cooling systems. The turbocharger utilized high-precision ball bearings, for quick spool up time, that receive oil from a reservoir in the compressor housing that wicks to the bearings.
The oil can be re-filled by removing the brass plug located on the top of the compressor housing.
However, without a cooling or oiling system the turbocharger can be overheated. If it is allowed to get too hot the oil will heat up and burn, causing the bearings to seize. A cross section view of an Aerocharger that highlights the unique features is shown in Fig. 10 .
Actuator Rod Figure 9 : Side view of an Aerocharger turbocharger.
Engine Architecture
As discussed earlier, the UI engine was to utilize a constant-pressure turbocharging system that retained the tuning characteristics of the tuned exhaust pipe. Therefore, the turbocharger was attached to the exhaust at the end of the tuned pipe. The turbocharged engine outside of the chassis with the turbocharger mounted to the end of the tuned pipe is shown in Fig.11 .
In addition to the turbocharger, other modifications were made to the naturally aspirated engine.
As discussed earlier, combustion events introduce strong pulsations in the exhaust system and An air-to-air intercooler was used to increase intake system volume and to remove heat from the compressed air. In addition to the intercooler, an intake plenum was used to provide a connection between the intercooler outlet and the engine intake and increase the volume in the intake system. The plenum's volume was approximately 1.5 times the total swept volume.
Oil Reservoir Variable Vanes
Ball Bearings Vane Actuator During initial testing it was found that the intake system would operate under vacuum when the engine was at low throttle openings and low to mid range speeds. In order to improve the low speed operation a reed valve-similar to the engine intake reed valves-was installed in the plenum. The reed valve ensured the pressure in the plenum never fell below the atmospheric conditions. When the turbocharger was not providing enough pressure rise in the intake plenum, the reed valve would open, allowing additional air to enter and maintain at least the ambient pressure. As the turbocharger created a pressure rise above the ambient pressure, the reed valve would close allowing a pressure rise in the intake system. This system proved to work well and the engine had significantly better low speed power and throttle response with the reed valve in place. A solid model showing the plenum design and the location of the reed valve is in Fig.12 . 
TESTING AND RESULTS
The results of dynamometer testing of the turbocharged engine were not as expected. The water brake dynamometer had limited control over the engine and only particular operating conditions could be tested. Initially, the engine operated well at engine speeds between 3000 and 5500 rpm at all throttle positions but would not operate above 6000 rpm. As the engine approached 6000 rpm the SPR would begin to approach 1.1 and the engine would become unstable. The conclusion was that the exhaust back-pressure was too low and the cylinder would have poor trapping efficiency. The drop in trapped oxygen resulted in a steep drop in torque and engine speed, which would trigger the dynamometer to return the engine to the hold rpm. As the dynamometer lessened its resistance, the engine would have improved trapping and began producing power again. The on-and-off power combined with the latency of the water-brake would cause the engine to oscillate in 2000 rpm swings making tuning and data collection difficult.
To alleviate this problem the SPR would need to stay above 1.1 to maintain good cylinder trapping. An increase in exhaust backpressure was attempted by installing a steel plate with a 1 inch hole placed in-between the tuned exhaust pipe outlet and the turbine inlet. The plate increased the backpressure enough to allow the engine to operate up to 7800 rpm. Although the restriction placed in the exhaust allowed the engine to operate at higher engine speeds by maintaining a SPR above 1.1, it had a negative effect on the engine performance at the lower engine speeds. This is illustrated in Fig. 13 and 14 . At engine speeds between 5500 and 6500 the SPR was significantly above 1.2. The high exhaust backpressure reduced the mass flow through the engine and reduced the scavenging efficiency, which resulted in less than expected boost and power output at those engine speeds. Between 6500 and 7500 rpm the SPR was typically around 1.25. As the engine speed approached 8000 rpm the pressure ratio began dropping and the engine was unstable beyond 7800 rpm. earlier that inlet airflow measurements should not be used for two-stroke engines, an airflow measurements for the turbocharged engine should be accurate because the intake system was being boosted and the pressure drop across any measurement device should not have affected engine performance.
The turbocharged engine performance is further described in Fig.16 , which compares the turbocharged engine's stratified and homogeneous operation with data from an Arctic Cat throttle-body fuel injected engine [11] . The GDI stratified data were compared to data corresponding to 30 percent load for the Arctic Cat engine. The data for the turbocharged engine operating under stratified operation show that the engine was able to produce enough power for what are considered cruising power demands [1] . The homogeneous data shows how the turbocharged engine was making less power than a naturally aspirated engine while the SPR was above 1.3. As soon as the SPR was in the range of 
Conclusions
The results clearly show that the stratified combustion strategy and the turbocharged engine both require more research and testing to fully determine their merits for use with snowmobile engines. The compressor performance was close to predicted values. To fully verify the compressor performance predictions and the on-engine performance, an air flow measurement device should be placed before the compressor. Additionally, the assumption that the engine operated under perfect displacement conditions is not valid. Measurements of stock engine air flow would provide a better understanding of the scavenging, charging, and trapping efficiencies and would be more useful for turbocharger selection.
Further gains in power and improvements in specific fuel consumption will be found through the use of an SPR control strategy that allows good scavenging characteristics throughout the entire engine speed and load range.
